Vascular calcifications produce a high impact on morbidity and mortality rates in patients affected by chronic kidney disease and mineral bone disorder (CKD-MBD). Effects are manifested from the more advanced stages of CKD (stages 3-4), particularly in patients undergoing dialysis (CKD5D). In recent years, a large number of therapeutic options have been successfully used in the treatment of secondary hyperparathyroidism (SHPT), despite eliciting less marked effects on nonbone calcifications associated with CKD-MBD. In addition to the use of Vitamin D and analogues, more recently treatment with calcimimetic drugs has also been undertaken. The present paper aims to analyze comparative and efficacy studies undertaken to assess particularly the impact on morbidity and mortality rates of non-calcium phosphate binders. Moreover, the mechanism of action underlying the depositing of calcium and phosphate along blood vessel walls, irrespective of the specific contribution provided in reducing the typical phosphate levels observed in CKD largely at more advanced stages of the disease, will be investigated. The aim of this paper therefore is to evaluate which phosphate binders are characterised by the above action and the mechanisms through which these are manifested.
Introduction
Over the last 10 years, it has become increasingly apparent that chronic kidney disease-mineral and bone disorder (CKD-MBD) is associated to extra-skeletal manifestations, particularly cardiovascular calcifications in patients at the more advanced stages of CKD. The following manifestations have been observed: calcifications of the aorta, the carotid and the coronary arteries resulting in a reduced elasticity, diameter, compliance, and distensibility. The disease is not confined to central blood vessels but also involves the iliac-femoral axis and all arteries in the limbs, thus producing a high impact on the quality of life, morbidity and mortality of these patients [1] [2] [3] . An additional element implicated in the morbidity and mortality of patients is represented by the manifestation of calcifications on the endothelium of heart valves, in particular the mitral and aortic valves [4] . A fundamental impetus in the study of compression exerted by calcium deposits in the vessels was provided by Raggi using highly advanced procedures such as electron-beam computed tomography (EBCT), particularly to assess the involvement of coronary arteries [5] . Hyperphosphatemia is one of the main features of chronic kidney disease-mineral and bone disorder (CKD-MBD). An excess of phosphorus represents an independent risk factor for cardiovascular morbidity and mortality in patients with advanced CKD. Options available for use in the treatment of hyperphosphatemia are severe control of dietary phosphorus intake [6] , use of phosphate binders [7] , and optimized phosphorus output choosing high-efficiency dialysis as high flux-methodology [8] [9] [10] . Phosphate binders are used for their binding actions to reduce the absorption of phosphorus by the gastrointestinal lumen.
Calcium phosphate binders such as calcium carbonate or acetate are still widely used today. Evidence of an increased risk of onset and progression of nonbone, particularly vascular, calcifications has led to the use of caution by nephrologists, in spite of the markedly lower costs compared to the price of the new non-calcium. The concept whereby the at times excessive use of calcium-containing phosphate International Journal of Nephrology binders would appear to be widely accepted, together with the notion that in the future patients at the CKD5D stage should be treated to return dialysate calcium concentration to values below 1.5 mmol/L [11] . The latter is particularly important in patients undergoing peritoneal dialysis who are exposed at length to transfers of mass and therefore a longlasting, harmful positive calcium balance.
To briefly mention a few literature references cited in a recent review by Mason and Shepler [12] , the authors underlined how seven of the nine studies reported a statistically significant increase in vascular calcification in patients taking calcium-containing phosphate binders as measured by coronary artery calcification scores and aortic calcification scores. Over the last year, the therapeutic target has changed; indeed, CKD-MBD may be characterized by SHPT, thus resulting in an increased risk when administering calciumbased phosphate binders in the presence of hypo-adinamic bone disease both in incident dialysis patients, in prevalently older subjects, or those with a dialytic age of more than two years [13] . This abnormal mineral metabolism currently represents a major therapeutic challenge focusing mainly on the issue of vascular calcifications even in the earlier stages of CKD [14] . Recent evidence has suggested that noncalcium-based phosphate binding agents such as sevelamer hydrochloride, sevelamer carbonate, and lanthanum carbonate may attenuate cardiovascular calcifications compared with calcium-based phosphate binders. Furthermore, as will be discussed subsequently, these agents feature several additional pleiotropic effects including the action exerted on lipid metabolism and systemic inflammatory response.
The aim of the present review is not to illustrate the specific actions produced by calcium-based binders and other drugs, including calcimimetic agents, but rather to focus on the direct and indirect mechanism of action of noncalcium phosphate binders. In doing so, emphasis will be placed almost exclusively to recent studies undertaken and no reference was made to morbidity and mortality rates, which are beyond the scope of this paper.
Phosphate and Actions Produced on Vascular Calcifications
The recently published KDIGO guidelines, as well as the previous KDOQI version, underline the importance of maintaining phosphate levels within the normal range from the earliest stages of CKD. This recommendation is based on the action exerted by elevated blood phosphate levels in inducing parathyroid cell proliferation and SHPT [15] 
Methods Applied in Literature Review
Two hundred and thirty-seven published papers describing a correlation between hyperphosphatemia in CKD and vascular calcifications were analyzed. Subsequently, papers relating to a total of 9 randomized trials or featuring an effective study design were selected. All studies had focused on the use of non-calcium phosphate binders as a therapeutic option aimed at reducing nonbone, and prevalently vascular, calcifications in a population of 879 patients. The trials taken into consideration are listed in Tables 1 and 2 .
Discussion
In spite of the lack of evidence from randomized controlled trials (RCTs) to demonstrate that a lowering of phosphorus (28) Sevelamer (27) Low-phosphorus diet with both binders
Increase in TCS with calcium to baseline (P = . 001); NS with sevelamer There is insufficient evidence that any specific phosphate binder significantly impacts patient-level outcomes. Thus, the choice of phosphate binder should be selected on an individual basis. Moreover, the lowering of phosphate levels is becoming increasingly acknowledged as mandatory in reducing the onset of nonbone, and in particular cardiac and/or vascular, calcifications that produce a marked 4 International Journal of Nephrology effect on mortality rates in patients at various stages of CKD.
Large epidemiological studies have consistently shown the importance of hyperphosphatemia as a predictor of mortality in CKD stage 5 patients receiving dialysis. Experimental data suggest a direct causal relationship between phosphorus and several components of CKD-MBD, specifically SHTP bone abnormalities and calcitriol deficiency. Mention is also made of the negative interferences produced by a vitamin K deficit in patients undergoing dialysis, that may facilitate the onset of vascular calcifications, particularly in patients taking dicumarol [22] .
In the present paper we will focus mainly on vascular calcifications and how to personalize treatment with phosphate binders in an attempt to reduce the presence of calcifications on blood vessel walls. The establishing of optimum calcium levels which, if associated to hyperphosphatemia, may give rise to vast and extensive areas of nonbone calcifications is of paramount importance. Non-calcium phosphate binders available currently are aluminium hydroxide, ferric citrate, magnesium carbonate, sevelamer HCl and sevelamer carbonate, and lanthanum carbonate. This paper will focus mainly on the latter two due to the lack of controlled, prospective, or retrospective trials capable of demonstrating a favourable action of aluminium hydroxide (the use of which is not advised in the long term), magnesium carbonate and ferric citrate on vascular calcifications. Furthermore, studies performed on the dialysis population with niacin and nicotinamide have shown significant phosphate reduction with lowering of the calcium-phosphorus product. However, to date, no published reports or trials have been made available that demonstrate activity of this phosphate binder on vascular calcifications.
Sevelamer from CKD Stage 5D: Effects and Comparison with Calcium-Based Phosphate Binders
As reported in multiple publications, numerous trials undertaken to compare sevelamer HCl with calcium-based binders have assessed the impact of phosphate-binder therapy on arterial calcification, assessed using computerized tomography imaging techniques. In two subsequent papers, the first reporting on 200 patients randomized to administration of calcium acetate or sevelamer over a one-year period to correct hyperphosphatemia, and the second paper studying 108 hemodialysis patients likewise randomized to calcium acetate or sevelamer and followed for one year, Chertow demonstrated how calcium treatment led to progressive coronary artery and aortic calcification as determined by sequential EBCT, while the use of the non-calciumcontaining binder sevelamer was devoid of a similar effect [23, 24] . A further paper examined the effect of these two oral phosphate-binders on valvular calcification in 132 hemodialysis patients, concluding that after a one-year observation period, sevelamer had checked the progression of vascular and valvular calcifications in almost 50% of patients [25] .
Another report suggested that patients randomized to receive calcium salts, compared with those randomized to sevelamer HCl, experienced greater trabecular (but not cortical) bone loss on the basis of changes in thoracic bone mineral density (BMD) on EBCT scans in a subset of 132 patients in whom the necessary imaging was available [26] .
More recent paper have expressed some doubt as to the effective harmfulness of the use of calcium-based phosphate binders in the treatment of hyperphosphatemia and vascular calcifications, which has inevitably led to a rise in the use of sevelamer [27] . An interesting study [28] examining the clinical outcomes in a smaller group of 109 incident HD patients (patients new to dialysis, 64 diabetics and 45 non diabetics) randomized to either sevelamer HCl or calciumbased binder followed up patients for a period of 18 months. Patients received baseline, six, 12, and 18 months EBCT scans. The study found that diabetic patients who used calcium-based phosphate binders experienced more rapid and more severe progression of coronary artery calcification than those using sevelamer.
Diabetic patients treated with calcium-based binders showed a significantly greater coronary artery calcium score (CACS) progression than sevelamer-treated patients (median increase 177 versus 27; P = .05). During followup, diabetic patients receiving calcium-based binders were significantly more likely to develop serum iPTH values <16 pmol/L than diabetic patients treated with sevelamer (33% versus 6%, P = .005) and had a lower mean iPTH level (24 ± 16 versus 31 ± 14 pmol/L; P = .038). No data on cardiovascular events other than death, fractures, or parathyroidectomy rates were available from either of these studies, making it impossible to draw conclusions on the impact of using sevelamer HCl instead of a calciumbased phosphate binder on such outcomes. In addition, no studies have examined the effects of lanthanum carbonate or indeed any other phosphate binder (including calcium-and aluminium-based compounds) on patient-level outcomes.
The largest of these studies, the Dialysis Clinical Outcomes Revisited (DCOR) study, [29] randomized 2103 prevalent CKD stage 5D patients to either sevelamer HCl or a calcium-based phosphate binder (70% calcium acetate or 30% calcium carbonate). The trial was designed to evaluate all-cause mortality; more patients discontinued because of adverse events (AEs) in the sevelamer-HCl arm (8 versus 5%), but types of events and event rates were not comprehensively reported. The study was extended because the mortality rate in the control group was lower than expected. Only 1068 patients completed the study, and there were no differences in all-cause or cause-specific mortality rates when comparing sevelamer HCl (mortality rate 15.0 per 100 patient-years) with calcium-treated patients (16.1 per 100 patient-years). There were also no differences in cardiovascular mortality and hospitalization on the basis of data from case report forms. A possible bias resulted from the limited (90 days) followup of discontinued patients, as well as a lack of documentation of baseline biochemical parameters and AEs.
A secondary analysis of the DCOR study [30] on overall mortality (primary outcome), cause-specific mortality, International Journal of Nephrology 5 morbidity, or first or cause-specific hospitalization (secondary outcomes) reported how the study had not been well-balanced due to the presence of major atherosclerotic cardiovascular calcifications in patients treated with calciumbased phosphate binders. This study showed a beneficial effect of sevelamer HCl on the secondary outcomes of multiple all-cause hospitalizations and on the number of days of hospitalization. Furthermore, hospitalizations from CVD as ascertained from the administrative data did not differ, lending no support to the study's hypothesis that sevelamer HCl reduces cardiovascular disease (CVD) morbidity. The analysis by Peter et al. using claims data described a higher rate of hospitalization in a smaller group of patients with a shorter duration of follow-up than that reported by Suki et al., as a result of the fact that the denominator for hospitalization rates did not include days spent in hospital. Thus, although both analyses showed a trend toward lower hospitalization rates, the fact that the difference between patients allocated to different binders was of statistical significance in the analysis by Peter et al. was not considered robust.
In the CARE 2 study [31] , chronic HD patients from the United States were randomized to receive either calcium acetate or sevelamer HCl. Two hundred and eighty-seven patients in both groups received atorvastatin to achieve a low-density lipoprotein cholesterol goal of 70 mg/dL (1.81 mmol/L). The study was designed to assess noninferiority, evaluating CAC using EBCT at 6 and 12 months after randomization. Before 1 year, 30% of the patients in the sevelamer arm and 43% in the calcium acetate arm dropped out. Despite achieving comparable levels of serum cholesterol, no difference in the progression of arterial calcification was noted when comparing the two treatment arms (calcium acetate and sevelamer HCl groups, resp., P = .90). The weakness of this study is constituted by the high presence of pre-existing calcifications in the patients investigated.
In a prospective study undertaken by Barreto et al. [32] , 101 hemodialysis patients were randomized for each phosphate binder and submitted to multislice coronary and bone biopsies at entry and 12 months to compare the effects of calcium acetate and sevelamer on coronary calcification (CAC) and bone histology; there was no difference in CAC progression or changes in bone remodelling between the calcium and the sevelamer groups; however, this study was hampered by small sample size, use of low dialysate calcium concentrations (1.25 mmol/L), and no limits in the use of aluminium hydroxide, which likely affected the progression of vascular calcifications. Similar conclusions on CACS and mortality rates were reached by a recent metaanalysis of 2873 patients [33] . A recent paper performed by Raggi et al. [34] of a ten-year period of observation provided encouraging results for the use of sevelamer due to the improvements produced in vascular calcifications, bone physiology, and a potential positive trend in mortality rates for hemodialysis patients. Recently, Boaz et al. [35] studied a group of 45 hemodialysis patients treated with sevelamer and 130 untreated subjects; patients receiving sevelamer had significantly lower carotid intima media thickness and lower low-density lipoprotein cholesterol levels.
Scarce literature reports are available that relate to the predialysis stage of CKD. Relatively few papers have been published, including an Italian study involving 90 bindernaive Italian patients with CKD stages 3-5 who were not receiving dialysis. Russo et al. [36] randomized patients (30 per group) into either a low-phosphate diet alone group, a low-phosphate diet in combination with fixed doses of calcium carbonate (2 g/d) group, or a low-phosphate diet in combination with sevelamer HCl (1600 mg/d) group and followed up these individuals for 2 years. Coronary artery calcification (CAC) was the primary end point of the study; in the 84 patients who completed the study, the final CAC scores were greater than the initial scores in those receiving diet alone (P < .001) or diet in combination with calcium carbonate (P < .001), whereas there was no progression of calcification in the diet-plus-sevelamer-HCl-treated group.
Mechanisms of Action
The mechanism through which non-calcium phosphate binders exert their action and slow down progression of vascular calcifications is still unclear and remains to be clarified. However, the RIND study, evaluating progression of coronary artery calcification in incident hemodialysis patients, demonstrated that vascular calcification processes manifest in predialysis stages in the majority of patients, which may well be linked to deranged calcium and phosphate homeostasis. Novel insights into the pathophysiology of calcium and phosphate handling, especially the discovery of the phosphatonin FGF23, suggest that a more complex assessment of phosphate balance is warranted. This assessment should include measurements of fractional phosphate excretion and phosphatonin levels to objectively judge and effectively correct phosphate overload [37] .
New markers, such as FGF-23, have been identified as inducers of vascular calcification and cardiovascular disease in CKD. Therefore, the use of calcium-free phosphate binders may reduce the risk of cardiovascular disease by reducing both serum phosphate and FGF-23 levels [38] . Recent findings have provided evidence of a direct action of non-calcium phosphate binders on the progression of vascular calcifications. Data published to date on the use of non-calcium phosphate binders such as sevelamer and lanthanum carbonate recommend the administration of these drugs from the initial stages of CKD in association with a dietary intake of phosphorous in order to prevent an increase in FGF-23 and the action produced by the later on vascular calcifications [39, 40] .
In view of the large number of reports published on the potential actions exerted by sevelamer in halting the progression of vascular calcifications, this binder should be dealt with separately [41] [42] [43] [44] [45] ; it has accordingly been demonstrated that sevelamer is capable of lowering mean levels of HDL cholesterol, apolipoprotein B, and homocysteine. Furthermore, a decrease in the expression of the 6 International Journal of Nephrology nitrotyrosine marker of inflammatory stress by atherosclerotic plaques in the aorta and stabilization of the plaques, a decrease in CRP, and a reduced gastrointestinal absorption of several uremic toxins have also been reported [46] . In addition to the effects produced on FGF23, it is of considerable interest that sevelamer has been found to reduce serum Fetuin A levels, known to exert a cardiovascular protective action [47] .
A carbonated form of sevelamer featuring a similar efficacy in control of hyperphosphatemia and which does not worsen metabolic acidosis, as occurs with the HCl preparation, has recently been introduced onto the market [48, 49] . At the current time, no conclusive data are available from controlled trials on the action of sevelamer carbonate. It does however seem feasible that this product may possess a similar efficacy in the treatment of vascular calcifications in patients at all stages of CKD [50] . Trials have recently been set up to demonstrate the potential positive effects of lanthanum carbonate on myocardial function and blood vessel elasticity and calcifications [51] .
Lanthanum Carbonate
A positive action of lanthanum carbonate on vascular calcifications had already been hypothesized [52] ; although relatively few papers have been published to date to this regard, indications are provided of a positive effect of lanthanum carbonate on the progression of vascular calcifications. One of the most recent papers [53] reported on the findings of a pilot randomized controlled trial undertaken to determine the effect of lanthanum carbonate (LC) on vascular calcification (VC). Forty-five HD patients were randomized to either LC or calcium carbonate. The primary outcome of changes to aortic VC after 18 months included superficial femoral artery (SFA) VC, bone mineral density (BMD) of lumbar spine, and serum markers of mineral metabolism. At baseline, 6-month computed tomography was performed to measure VC and BMD. A random and at 18-month effect linear regression model was performed to assess differences. Results. Thirty patients completed the study; indeed, the small sample size and loss to followup were one of the major limitations to this study. Lanthanum carbonate was associated with the reduced progression of aortic calcification compared with calcium carbonate in HD patients over 18 months.
Magnesium Carbonate
For the sake of thoroughness, this paper on the action of non-calcium phosphate binders will conclude with a brief analysis of magnesium carbonate and another non-calcium binder was used only rarely. Indeed, an inverse correlation between magnesium levels and the extent of vascular calcifications was demonstrated many years ago (studies from 1974 to 2004) in one study undertaken to evaluate peritoneal dialysis and three conducted on hemodialysis patients; the latter trials have been amply analyzed in a review by Wei et al. in 2006 [54] . Observational data suggest that elevated magnesium levels in dialysis patients may prevent vascular calcification, and in vitro magnesium can prevent hydroxyapatite crystal growth. However, the effects of magnesium on vascular calcification and bone mineral density have not been studied prospectively. In a preliminary study, Spiegel [55] hypothesized that magnesium carbonate was capable of interrupting the progression of vascular calcifications; in a recent open-label pilot study, the same Author studied seven chronic hemodialysis patients to evaluate the effects of a magnesium-based phosphate binder on coronary artery calcification (CAC) scores and vertebral bone mineral density [56] . Magnesium carbonate/calcium carbonate administered as the principal phosphate binder for a period of 18 months and changes in CAC and V-BMD were measured at baseline, 6, 12, and 18 months. Electron beam computed tomography results demonstrated a small and not statistically significant increase in absolute CAC scores, no significant change in median percent change, and a small insignificant change in V-BMD.
To conclude, a large number of reports present in literature recommend that serum phosphate levels be closely monitored, whilst at the same time not overlooking important aspects such as eliciting a decrease in the onset and progression of vascular calcifications that produce a marked effect on the morbidity and mortality rates of CKD patients at all stages. The tendency is to reduce calcium intake both through dialysis and by administration of non-calcium phosphate binders that have proved effective in controlling hyperphosphatemia but which also feature pharmacological characteristics capable of producing a direct decrease in calcifications to the vascular endothelium. In spite of the large body of evidence provided in literature, further randomized, prospective studies should be undertaken with the specific aim of evaluating the incident population to provide further confirmation and optimization of the beneficial effects reported to date.
